in the adjacent horizon to the first unradiogenic Os i value constrains the age of the Os i inflection at 94.44 ± 0.14 Ma. This age, including uncertainty, agrees with the interpolated age of the same point in the Os i profile (94.28 ± 0.25 Ma) in the only other dated OAE 2 section, the WIS; indicating a coeval shift in seawater chemistry associated with volcanism at the OAE 2 onset at the levels of temporal resolution (ca. 0.1 Myr). Further, prior to the onset of OAE 2 an enhanced radiogenic inflection in the Os i profile of the YG is correlative, within uncertainty, with a similar trend in the WIS based on the U-Pb agedepth model. The interpolated ages, 94.78 ± 0.12 Ma and 94.66 ± 0.25 Ma for this Os i inflection in the YG and WIS, respectively, indicate that palaeocirculation was sufficient to simultaneously influence transbasinal seawater chemistry. In contrast, the pre-OAE 2 Os i profile for the GVS is disparate to that of the YG and those of the proto-Atlantic and European pelagic shelf locations. We interpret the pre OAE 2 heterogeneous Os i values (0.30-0.95) to record a palaeobasin that was regionally influenced interchangeably by both unradiogenic (hydrothermal flux) and radiogenic (continental flux) Os. We conclude that the Os i profiles from the proto-Pacific sections record both trends that are consistent globally (OAE 2 onset, syn and post OAE 2), but also show regional differences (pre OAE 2) between OAE 2 sections worldwide. As such the Os i profiles coupled with U-Pb geochronology facilitate the correlation of OAE 2 stratigraphy, and demonstrate both regional and global ocean dynamics.
Introduction
Oceanic anoxic events (OAEs) are a consequence of an imbalance to a sensitive global ocean-atmosphere system, which result in episodes of oxygen depletion in the oceans (Jenkyns, 2010) . They are characterised by the accumulation of organic-rich material, commonly associated with biodiversity decline and/or extinctions in the biostratigraphic record, and typically identified by a 2-4h positive shift in the δ 13 C record (Jenkyns, 2010) . Such characteristics are representative of OAE 2, which occurred during the late Cretaceous across the Cenomanian-Turonian boundary (CTB, 93.90 Ma) and is hypothesised to have influenced basinal . Palaeogeographic map illustrating sample locations discussed in this study and previous studies (Turgeon and Creaser, 2008; Du Vivier et al., 2014) . Locations: YG -Yezo Group, Hokkaido (Japan); GVS -Great Valley Sequence, California (USA); P -Portland #1 Core, Colorado (USA) (WIS -Western Interior Seaway); W -Wunstorf (Germany); VB -Vocontian Basin (SE France); F -Furlo (Italy); 1260 -Site 1260 B, Demerara Rise, (North Atlantic); 530 -Site 530 A, Angola Basin (South Atlantic). The High Arctic and Caribbean Large Igneous Provinces are marked on the map as HALIP and CLIP (Zheng et al., 2013). environments at a global scale (Jenkyns, 1980; Schlanger et al., 1987) . This hypothesis is based on studies that have predominately focused on a globally narrow region, e.g., the proto-Atlantic, European pelagic shelf and Western Interior Sea (WIS). To date, analysis of OAE 2 sections recording deposition from basins of the Cretaceous World's largest water mass, the proto-Pacific, are limited and have predominately focused on δ 13 C records in comparison to the multi-element/isotope studies of the proto-Atlantic, European pelagic shelf and WIS (Kaiho et al., 1993; Hasegawa and Saito, 1993; Hasegawa, 1995 Hasegawa, , 1999 Tamaki and Itoh, 2008; Takashima et al., 2004 Quidelleur et al., 2011) . The main reasons for the limited studies are the poor preservation and the uncertainty of stratigraphic location of the OAE 2 record. Two sites that represent a complete record of OAE 2 from deposition in the proto-Pacific are the Yezo Group (YG) section, Hokkaido, Japan and the Great Valley Sequence (GVS), California, USA (Fig. 1 ). Herein we report and discuss the implications of the Os isotope data (YG and GVS) and U-Pb zircon geochronology (YG only) for these sites.
The identification and correlation of OAE 2 is fundamentally based upon the carbon isotope record combined with biostratigraphy and subordinate radio-isotopic dating. Here we apply the traditional δ 13 C datum levels for correlation to both the YG and the GVS sections, where peaks and troughs in the δ 13 C record are associated with bioevents and changes in lithology. The sections are commonly correlated according to this method using certain inflection points ('A', 'B' and 'C') of the δ 13 C curve that are similar to those first defined by Pratt et al. (1985) in the WIS for the GSSP and refined later by Tsikos et al. (2004) ; where 'A' represents the last value of relatively depleted δ 13 C before the first major shift to positive values; the base of the excursion marks the onset of OAE 2 (Pratt et al., 1985) ; 'B' marks the trough of depleted values following the positive excursion in the δ 13 C record (Pratt et al., 1985) ; and 'C' denotes the end of the 'plateau', the last relatively enriched value prior to the δ 13 C trending back to pre-OAE 2 values (Tsikos et al., 2004) . Since the discovery of OAEs, a number of isotopic/elemental proxies that are sensitive to the chemical perturbations (e.g. Sr, Os, Ca, Nd, P, Pb, Li, U, S; Arthur et al., 1987; McArthur et al., 2004; Forster et al., 2007; MacLeod et al., 2008; Turgeon and Creaser, 2008; Voigt et al., 2008; Montoya-Pino et al., 2010; Blättler et al., 2011; Kuroda et al., 2011; Mort et al., 2011; Pogge von Strandmann et al., 2013; Owens et al., 2013; Du Vivier et al., 2014 have aided the understanding of the driving mechanisms of oceanic anoxia, and deciphering responses of seawater chemistry in multiple basin environments. (Cohen et al., 1999) . The latter, coupled with the short residence time of Os in seawater (≤10 kyr; Oxburgh, 2001) , has shown the potential of providing global correlations via 187 Os/ 188 Os stratigraphy throughout many OAE 2 proto-Atlantic and European sections (Turgeon and Creaser, 2008; Du Vivier et al., 2014) . However, hitherto Os i data for the protoPacific OAE 2 sections is lacking. Here we present Os i stratigraphy from the YG section, Japan and the GVS, USA (Fig. 1) . Further, to objectively compare and evaluate if the Os i trends from the proto-Pacific are similar and/or temporally identical, and therefore assess the truly global extent of OAE 2 on ocean chemistry with that of the WIS, proto-Atlantic and European pelagic shelf, we present chemical abrasion isotope dilution thermal ionisation mass spectrometry (CA-ID-TIMS) 206 Pb/ 238 U zircon geochronology of interbedded tuff horizons of the YG section. The latter is essential given that, with the exception of the WIS where absolute geochronology of volcanic tuff horizons from multiple locations, together with bio-and cyclic-stratigraphy, have been integrated to nominally constrain the absolute chronology of the CenomanianTuronian boundary interval (CTBI) of the Portland #1 core (Meyers et al., 2012a) , OAE 2 sites are unsupported by absolute dating. In addition to using the most current analytical protocols (e.g., chemical abrasion, Mattinson, 2005) we also use the EARTHTIME U-Pb tracer solutions McLean et al., 2015) to provide absolute temporal constraints for the YG to present a potential OAE 2 reference section for the proto-Pacific Ocean. We also construct a 206 Pb/ 238 U zircon based age-depth model to help constrain integrated sediment accumulation rates for the YG section OAE 2 interval, which in turn permits a quantitative estimate for the duration of events across the CTBI. The YG age-depth model permits quantitative comparison with the WIS records to assess synchroneity of the OAE 2 onset as well as events highlighted in Os i chemostratigraphy during the pre-OAE 2 interval, and thus provides evidence of water mass exchange and palaeocirculation during the CTBI (see Discussion).
Geological setting and stratigraphy

Yezo Group (YG), Hokkaido, Japan
The YG was deposited along an active continental margin in an arc-trench system at ∼45 • N along the Eurasian margin during the late Mesozoic (Tamaki and Itoh, 2008 ; Fig. 1 ). The 300 km N-S trending trench acted as a depositional basin for the YG and the sediments accumulated at shallow marine-bathyal depths in a continental slope environment (Kaiho et al., 1993; Takashima et al., 2004) . Post deposition the YG was compacted and then tilted by the late Tertiary rotation of the Japan Sea back-arc basin (Tamaki and Itoh, 2008) . The YG records a conformable sequence determined through bioevents and sedimentary structures (Kaiho et al., 1993) . The OAE 2 section of the YG is part of the Saku Formation and outcrops on the Hakkin River, at Oyubari, on Hokkaido at ∼142 • 9 27 E, 43 • 2 44 N. The 300 m exposed OAE 2 section of the Saku Formation is represented in part by the Hakkin muddy-sandstone member and comprises dark-grey organic-rich terrigenous sandy siltstone, bedded conglomeritic turbidites and finely laminated pyrite-rich green-grey mudstone possessing 0.5 to 1 wt.% TOC ( Fig. 2 ; Takashima et al., 2004) . In addition, multiple thin and thick (0.02-2 m) felsic volcanic tuffs are interbedded throughout the sequence ( Fig. 2 ; Takashima et al., 2004 Takashima et al., , 2011 , which are locally altered to bentonite (Takashima et al., 2004) . There are no documented hiatuses in the YG section . The Oyubari YG section contains sufficient stratigraphic indicators for high-resolution global correlation of OAE 2, making it a key regional reference section for the NW Pacific (Hasegawa, 1995; Fig. 2; see Supplementary Material) . Worldwide correlation and the identification of the CTB is dependent upon the identification of W. archaeocretacae; however the absence of W . archaeocretacae and the rare occurrence of H. Helvetica, means that the FO of M. schneegansi is used to identify the base of the Turonian in the YG ( Fig. 2 ; Takashima et al., 2010) . (Meyers et al., 2012a) . Given the OAE 2 temporal constraints, the dated horizon HKt002 and HKt003 of the YG should be >93.9 Ma ( Fig. 2 ; see Discussion). The large uncertainty (1.4%) of the interpreted HKt002 date is intrinsic to the analytical method making it of little use for resolving the issues related to the timing of OAE 2, which occurred over an interval of <1 Myr. As such we do not include the current U-Pb zircon dates for integration at the sub 0.5 Myr level for our age-depth model of the YG (see Discussion).
Great Valley Sequence (GVS), California, Western USA
Similar to the YG, the GVS was deposited along an active continental margin: ∼30-40 • N on the North American continental fore arc margin in upper bathyal depths , and is now exposed along the western border of the Sacramento Valley (Fig. 1) (Murphy et al., 1969; Fernando et al., 2011) ; the youngest and uppermost unit is the Gas Point Member, ∼730 m thick, which records the CTB and the OAE 2. The OAE 2 stratigraphy is recognised by elevated TOC (0.5-1.0 wt.%; Takashima et al., 2011) . The GVS OAE 2 interval is dominated by dark-grey organicrich terrigenous mudstone with some thinly bedded turbidites and minor conglomerate sandstone horizons becoming more frequent up sequence (Murphy et al., 1969; Takashima et al., 2011) . There are no documented hiatuses in the GVS section . The deposition of the GVS in a fore arc basin ) is dissimilar to the other OAE 2 sites; i.e., the WIS is an epeiric sea. As a result there is an absence and/or variability in abundance, distribution and duration of biozone horizons. The LO of R. cushmani is identified at 80 m in the section, ∼30 m in to the OAE 2 interval. The FO Q. gartneri marks the basal Turonian at ∼315 m in the section which occurs ∼265 m above the OAE 2 onset ( Fig. 2 ; Takashima et al., 2011 ; see Supplementary Material for detail).
In the GVS section the δ 13 C wood curve is presented like YG as a 5-point moving average (Fig. 2) , however the record is less variable than the YG δ 13 C wood record and depicts a more typical convex trend despite the subtle 1.2h VPDB positive excursion ( Fig. 2 ; Takashima et al., 2011) . As a result of the lower variability of the 
Analytical protocol
Re-Os geochemistry
The hydrogenous Os i composition of the TOC-rich sample set was achieved through the established methodology of Selby and Creaser (2003; see Supplementary Material) at Durham University. This protocol has been shown to significantly limit the detrital component of Re and Os (e.g., Selby and Creaser, 2003; Kendall et al., 2004; Rooney et al., 2011; Kendall et al., 2013) . (Hiess et al., 2012) was used in the data reduction calculations for ID-TIMS dates (see Tables 1a and 1b) . Data reduction was carried out using U-Pb REDUX (McLean et al., 2011) .
U-Pb zircon geochronology
Results and interpretation
Re-Os abundance
The Re abundance for the YG ranges from ∼0.20 to ∼1.60 ppb and from ∼0.25 to ∼3.75 ppb for the GVS (Supplementary Material Tables 1a, 1b) . These values are similar to other OAE 2 sections (Turgeon and Creaser, 2008; Du Vivier et al., 2014) . Across the onset of OAE 2 there is a noticeable shift to an increase in the abundance of common Os, i.e., non-radiogenic generated Os, which is denoted by 192 Os (Turgeon and Creaser, 2008; The correlated datum levels 'A', 'B', 'C' inferred from a combination of litho-, bio-, and chemostratigraphy and the extrapolated age of the onset of OAE 2 (Du Vivier et al., 2014) , are shown in blue (see text for discussion). The stratigraphic height of the U-Pb dated tuff horizons from the Yezo Group, Japan are marked by red triangles. The existing U-Pb ages, with total uncertainties, for the Yezo Group are in green (2σ ; Quidelleur et al., 2011) . The stratigraphic thickness of the OAE 2 interval (shaded) reflects a variation of the chemostratigraphic approach defining widely recognised elements of the C isotope excursion (A, B, and C datum levels). i Isotopic dates calculated using the decay constants λ238 = 1. 55125E−10 and λ235 = 9. 8485E−10 (Jaffey et al., 1971) . The latter both yield globally representative Os i profiles (Turgeon and Creaser, 2008; Du Vivier et al., 2014) .
Os i stratigraphy of the Yezo Group, Japan
The (Fig. 2) . The Os i data rapidly become unradiogenic at −16.1 m from 0.69 to 0.19, this is characteristic of all Os i profiles for the OAE 2 (Turgeon and Creaser, 2008; Du Vivier et al., 2014) . The Os i values remain unradiogenic for ∼20 m, before they abruptly return to radiogenic Os i (0.50) at ∼7 m (Fig. 2) . For the remainder of OAE 2 and post-dating the event, the Os i values are radiogenic and relatively homogeneous, 0.50-0.63 (Fig. 2) .
Os i stratigraphy of the Great Valley Sequence, USA
The Os i values for the GVS show similar and distinct characteristics to the YG and other OAE 2 sections ( Fig. 2 ; Supplementary Material Table 1b; Du Vivier et al., 2014) . Key similarities are: 1) the distinct trend to non-radiogenic Os i from 0.38 at 40.4 m to 0.13 at 49.5 m, the OAE 2 onset interval; 2) an interval of predominantly non-radiogenic Os i compositions from 49.5 m to 78.9 m (datum levels A to B of the δ 13 C wood record); and 3) a progressive increase to more radiogenic Os i (∼0.2 to 0.7) after datum level B of the δ 13 C wood record. Distinct differences in the Os i data of the GVS are; 1) the single point radiogenic (0.79-0.95) to non-radiogenic profile (0.32-0.40) of the pre-OAE 2 section (0-34.5 m), and 2) the presence of slightly more radiogenic Os i (0.3-0.7) among the predominantly non-radiogenic (∼0.2) during the initial stages of the OAE 2 (datum levels A to B of the δ 13 C wood record). 
206 Pb/ 238 U zircon geochronology and stratigraphic age-model
For each volcanic tuff sample we identify the population of youngest concordant zircon U-Pb analyses and calculate a 206 Pb/ 238 U weighted mean age as an approximation for the eruption age of the ash layer (Tables 1a, 1b; Fig. 3 ). The coherence of the youngest population is assessed via the MSWD value, each of which is within the acceptable range for the given number of analyses (Wendt and Carl, 1991 Fig. 3 ; Table 1b ), values that are acceptable for a single population of the given sample size (Wendt and Carl, 1991) . The uncertainties reflect the following sources:
analytical/(analytical + tracer solution calibration + 238 U decay constant); the latter value is the total uncertainty in each case which should be used when comparing these dates to other non-U-Pb derived dates (i.e., the age model for the CTB from Meyers et al., 2012a that are largely based upon 40 Ar/ 39 Ar data), the former is to be used when quantifying differences between dates in this study. We generate age-depth models using OxCal (Bronk Ramsey, 2008) through a combination of likelihood estimates (radioisotopic dates and uncertainties from ash beds), prior information (sediment thickness) using the P sequence depositional model where deposition is assumed to be random giving approximate proportionality to depth (Bronk Ramsey, 2008; Fig. 4 ; supplementary material Tables 3a, 3b and 3c). The age-depth model illustrates the temporal relationships of the tuff horizons relative to depth and permits the interpolation of ages between the dated tuff horizons for the YG section, and thus facilitates objective comparison of the YG and WIS sections based on the stratigraphy, δ 13 C and the Os i profiles they contain.
For the YG section the 206 Pb/ 238 U zircon dates, with the exception of CT103 (94.53 ± 0.21 Ma), conform to stratigraphic order (Figs. 2, 3, 4) , however the age model forces superposition to be upheld and derives a new interpolated age for that level (Fig. 4 dark grey area of sample). For CT103 it is likely that the zircons either record inheritance and/or crystallisation in the magmatic chamber a period of time prior to eruption since the sample yields a date older than zircons from tuff units below CT103, e.g., HK017
(94.44 ± 0.093 Ma).
The published WIS temporal framework is based on an integrated approach, which combines 206 Pb/ 238 U (zircon) and 40 Ar/ 39 Ar (sanidine) radio-isotopic data with astrochronology using Markov Chain Monte Carlo simulations (Meyers et al., 2012a) . The accuracy of these radio-isotopic dates are based upon their respective calibrations, the age of the Fish Canyon sanidine (FCs) at 28.201 Ma for the 40 Ar/ 39 Ar dates, the gravimetric calibration of the EARTHTIME mixed U-Pb tracer for the zircon U-Pb dates, and the interpretation of the mineral dates as reflecting both eruption and deposition ages. Although there is potential for bias between the geochronological systems, particularly related to the choice of an age of 28. . It is worth noting that the WIS age model (Meyers et al., 2012a ) is based upon a number of radio-isotopic dates from outcrops across the WIS (i.e., Arizona, Nebraska, New Mexico and Colorado). These dates have been imported into the Portland #1 core stratigraphy (Meyers et al., 2012a ) using biostratigraphic correlation with no additional uncertainty included for Arizona, Nebraska, New Mexico ash beds to account for uncertainty contribution related to inter-regional correlation. In contrast the Colorado ash beds can be placed with the Portland #1 core section using bed by bed correlations with minimal uncertainty contribution. The integrated chronostratigraphy of the CTBI based on Meyers et al. (2012a) derived age model for the Portland #1 core, coupled with a linear sedimentation rate has been previously used to derive a nominal age for the onset of OAE 2 at ∼94.38 ± 0.15 Ma (Du Vivier et al., 2014).
When comparing age models for the YG and WIS CTBI sections, the accuracy and direct comparison of the temporal constraints is paramount. Thus we select only a subset of the 40 Ar/ 39 Ar data for the WIS for age construction, giving preference to those that can be directly correlated with ash beds that occur in the Portland record (i.e., samples K-07-01C and K-07-01B from the GSSP type locality), in order to reduce additional (or unrecognised) uncertainties associated with biostratigraphic correlation including a known hiatus ( Fig. 4 ; Ma et al., 2014; see Sageman et al., 2014 for further discussion). In order to justify using the 40 Ar/ 39 Ar dates we tested an age-depth model based on 40 Ar/ 39 Ar ages and astronomical tuning (Meyers et al., 2012a; Ma et al., 2014) , which showed no discernible variation within uncertainty to the model used in this study ( Fig. 4; Supplementary Fig. S1 ). The youngest date used, labelled "Meyers C" in the figures is the age of the K-07-01C sample in Meyers et al. (2012a) . The age labelled "Meyers B" is the age of the K-07-01B sample in Meyers et al. (2012a) . The age labelled "Meyers A" is the combined mean age given for "Tuff A" in Meyers et al. (2012a) based on samples AZLP-08-02 and 90-O-31 from Lohali Point, Arizona, as there is no date available from the Colorado sections/cores. The oldest age used in the models is the age published for the Dunveganoceras pondi Zone core (Ma et al., 2014) . The D. pondi Zone occurs in the WIS as the uppermost ammonite zone of the Lincoln Limestone, beneath the Hartland shale (Adams et al., 2010; Ma et al., 2014) . In the Portland core the D. pondi Zone is ∼4 metres thick (Joo et al., in press) , from metre level −20 to −16 in our age-depth model. As such the D. pondi 40 Ar / et al. (2012a) . Ages between dated tuff horizons can be interpolated from both the WIS and the Yezo Group, which can be projected on to the isotope profiles of the Portland core and the Yezo Group section, respectively (see text for discussion). Equally, stratigraphic datum levels (pink stars 'B' and 'C') or isotope values (yellow star) can be projected on to the age-model to clarify trans-basin integration (see text for discussion). The stratigraphic thickness of the OAE 2 interval (shaded) reflects a variation of the chemostratigraphic approach defining widely recognised elements of the C isotope excursion (A, B, and C datum levels).
Discussion
Global chronology of OAE 2 events, synchroneity and CTB
Traditionally the OAE 2 onset is identified by a positive excursion in the δ 13 C record (datum level 'A', Pratt et al., 1985; Schlanger et al., 1987; Jenkyns, 1980) and the whole OAE 2 sequence is correlated through datum levels 'A', 'B' and 'C'. Coincident with the positive δ 13 C excursion, datum level 'A', Os i profiles for all previously studied Atlantic, WIS and European pelagic shelf OAE 2 sections exhibit an abrupt shift from radiogenic (∼0.7 to 1.0) to unradiogenic values (∼0.20 to 0.30; Fig. 5 ; Turgeon and Creaser, 2008; Du Vivier et al., 2014) . This trend is interpreted as a signal of LIP-related submarine volcanism (Turgeon and Creaser, 2008; Du Vivier et al., 2014) . Both the High Arctic and Caribbean LIP had major eruptions close to the time of the CTBI (Snow et al., 2005; Tegner et al., 2011 ; Fig. 1 ). Whole rock total fusion Ar-Ar ages of the Dumisseau Formation, Haiti, of the Caribbean LIP show the most temporal relationship with the onset of the OAE 2 (mean of 94.57 ± 0.38 Ma (n = 4) adjusted using the 0.65% correction based on the discrepancy between U-Pb and Ar-Ar dates; Snow et al., 2005; Kuiper et al., 2008) .
In the YG the abrupt shift to unradiogenic Os i is ∼23 m above the current identified key datum level, 'A', based on the averaged δ 13 C wood record Fig. 2) . Tuff unit HK017 in the YG section occurs at −16.10 m, above the first least radiogenic Os i value. The U-Pb zircon systematics for tuff HK017 yield a date of 94.44 ± 0.14 Ma, which is indistinguishable within uncertainty for the first least radiogenic Os i in the WIS determined by the agedepth model (94.28 ± 0.25 Ma; Fig. 4 ). This age is identical within uncertainty, to a previous estimate (∼94.38 ± 0.15 Ma) obtained from astrochronology and radio-isotopic dating in the WIS (Meyers et al., 2012a ) that were used to establish a chronostratigraphic framework (Du Vivier et al., 2014) . Further, additional litho-and biostratigraphy (Takashima, pers. comm.) combined with the unradiogenic Os i for the YG is consistent with the onset of the OAE 2 in all sections previously studied (Turgeon and Creaser, 2008; Du Vivier et al., 2014) . Therefore, given the temporal agreement of the first least radiogenic Os i in both the YG and WIS sections, plus the coincidence of both Os i and δ 13 C org excursions in the WIS, Atlantic and European OAE 2 sections we propose that the onset of the OAE 2 in YG section has been misidentified and should be placed at ∼ −16.1 m. At this interval the δ 13 C wood record starts to shift to heavier values and coincides with a sudden increase in the degree of pyritization (Supplementary Material Table 4 and Fig. S3 ; Takashima et al., 2011) . The shift to heavier δ 13 C values up to the first peak occurs ≤10 m above the first unradiogenic Os i value. Based on the 5 point moving average of the δ 13 C record , it is worth noting that the δ 13 C excursion may occur over a shorter duration. Therefore absolute time constraints on chemostratigraphy are necessary, i.e., the U-Pb zircon dates, which remove the uncertainty between correlating varying isotopic proxies and quantitatively constrain events in stratigraphy.
Thus the increase in δ 13 C at the onset of the OAE 2 is contemporaneous with an enhanced unradiogenic Os flux to the ocean associated with volcanism, which is a globally isochronous event at ∼94.4 Ma (Figs. 2, 4, 5) . Therefore the Os i profile can be adopted as a surrogate proxy to identify the onset of OAE 2. The CTB cannot be placed accurately in the YG section using the available biostratigraphy; therefore we propose using the agedepth model to place the CTB. The age of tuff HK018, 93.92 ± 0.03/0.11 Ma from the YG, implies that the CTB (dated at 93.90 ± 0. 15 Ma, WIS; Meyers et al., 2012a) in the YG is present in the horizon directly above or below the tuff since the date for HK018 is statistically indistinguishable from the date of the numerical age of the CTB (derived from the WIS). As such we amend the stratigraphic height of the CTB in the YG to ∼25 m. In addition, the age-depth models and Os i data allow us to quantitatively import the datum levels B and C derived from the global δ 13 C record (Fig. 4 pink stars 'B' and 'C').
The application of age-depth models, in addition to integrating the onset of OAE 2 and the CTB between the YG and WIS (Section 5.1), provide absolute age constraints for the datum levels ('A', 'B', 'C') assigned to peaks and troughs on the δ 13 C records, which can be used to correlate the Os i chemostratigraphy within uncertainty from other trans-basin sections. Unlike the YG and WIS the GVS has no means of defining absolute time, therefore for the GVS, as for other locations bereft of geochronology, we apply a chronostratigraphic framework relative to individual timescales created for each section (Du Vivier et al., 2014) , exporting numerical information based on integrated radio-isotope dates (U-Pb and Ar-Ar; Meyers et al., 2012a; Ma et al., 2014) and astrochronology (Meyers et al., 2012a) . The dates are used to constrain the linear sedimentation rate values (cm/kyr) for the units between the datum levels (Supplementary Material Table 5 ) and thus derive an age model in order to quantitatively assess the duration of events occurring across the CTBI based on the Os i profile (Fig. 6) . The temporal uncertainty for these datum levels is ≤0.25 Myr. For the GVS we apply the temporal model based on the numerical ages of the datum levels derived from the age-depth model for the YG section. The framework utilises the onset of OAE 2 as datum level 'A', which is set to 0 kyrs, based on the revised onset of OAE 2 determined in this study (Figs. 2, 6 ; Section 5.1). Presenting the Os i profiles on the temporal framework further supports the revised onset of OAE 2 and the adjustment of the CTB in the YG determined from U-Pb geochronology and age-depth models (Sections 4.4 and 5.1). In addition, analyses of the degree of pyritization, as noted in the YG, records a temporal synchronous increase at the OAE 2 onset (Supplementary Material Table 4 and Fig. S3 ; Takashima et al., 2011) . Moreover, the framework can potentially reduce the discrepancy observed in stratigraphic correlations based solely on δ 13 C records.
The temporal framework for the GVS illustrates that the Os i data for the pre-OAE 2 interval between ∼350 and 80 kyr prior to the OAE 2 onset is different in comparison to that of WIS, and Japan, and other OAE 2 sites ( Fig. 6; Fig. 5 Du Vivier et al., 2014) .
The GVS shows, at an interval of ∼20-30 kyr, single point unradiogenic/radiogenic shifts between ∼350 and 80 kyr before the onset of OAE 2. The implications of the pre-OAE 2 GVS profile are discussed below.
Implications of the Os i radiogenic pre-OAE 2 trend in YG, WIS and GVS
For both the YG and WIS sites between ∼94.7 and 94.4 Ma Os i values become markedly radiogenic (Fig. 4) . However, in the same time interval, for ODP Site 1260 (Demerera Rise) the Os i profile trends steadily to more unradiogenic values (Fig. 5; Turgeon and Creaser, 2008; Du Vivier et al., 2014) . For the WIS Du Vivier et al. (2014) proposed the contrast in Os i values was related to the degree of connectivity of the WIS with the open ocean and that Site 1260 recorded a more open-ocean signal. Radiogenic Os i values are interpreted to reflect weathering of the continental crust (Peucker-Ehrenbrink and Ravizza, 2000; Cohen, 2004 ). As such the Os i values at YG and WIS must be controlled by radiogenic influx in comparison to Site 1260, which reflects a progressive incorporation of unradiogenic Os sourced from LIP activity (Du Vivier et al., 2014) . Encompassing the same time interval, unradiogenic Os i values are also recorded in the GVS in addition to single shifts to radiogenic Os i values (Fig. 6) . We consider the GVS Os i record up to 80 kyr prior to the OAE 2 to record either a pulsed LIP activity and/or alternating sea level and accelerated weathering. Given the Os i profile of site 1260 and that sea level change is characteristic of the late Cenomanian and early Turonian (Haq et al., 1988; Erbacher et al., 1996; Jones and Jenkyns, 2001; Leckie et al., 2002; Forster et al., 2007) we suggest that the pre-OAE 2 GVS Os i data to record variable connectivity to the open ocean. The CTB global sea levels fluctuated approaching a highstand during the early Turonian (Haq et al., 1988; Erbacher et al., 1996) . Following the pre-OAE 2, ≤80 kyr (≤95.2 Ma) prior to OAE 2 onset, all Os i profiles trend to unradiogenic Os i , reaching the nadir at the OAE 2 onset (∼94.4 Ma). The latter is concurrent with rising global sea level (Erbacher et al., 1996; Leckie et al., 2002 ) that permitted a global contemporaneous distribution of seawater chemistry, coincident with the OAE 2 onset as evident from Os isotopes (Fig. 5) . In addition to Os, Nd isotopes also assess water mass exchange and ocean circulation, whereby the Nd record exhibits a positive excursion at the onset of OAE 2 at Demerara Rise and in the European pelagic shelf (MacLeod et al., 2008; Zheng et al., 2013) , which implies a change in the source of circulation and input to the ocean (i.e., hydrothermal processes associated with LIP: MacLeod et al., 2008; Martin et al., 2012) . Therefore a vigorous deep ocean circulation throughout the late Cretaceous combined with transgression permitted the exchange of Pacific seawater into the Atlantic, WIS and European pelagic basins across the CTB (Trabucho-Alexandre et al., 2010; Martin et al., 2012) , which reflects the concurrent emplacement of the LIPs with the global Os i record (Fig. 5; Du Vivier et al., 2014) .
Large igneous province activity throughout OAE 2 and CTBI
The unradiogenic Os i values across the OAE 2 interval reflects contemporaneous Os sourced from LIP activity (Turgeon and Creaser, 2008; Du Vivier et al., 2014) . The utilisation of the agedepth models permits an improvement to the quantitative integration of WIS and YG sections. The age-model coupled with the Os i data permits an evaluation of the onset and duration of LIP activity throughout OAE 2. In the YG the unradiogenic Os i values and the return to radiogenic Os i values represents the timing of the onset and cessation of activity at 94.78 ± 0.12 Ma and 94.24 ± 0.13 Ma, respectively (Fig. 4) . These dates are identical within uncertainty to those determined for the WIS (94.66 ± 0.25 Ma and 94.02 ±0.25 Ma, respectively; Fig. 4) , and for the onset at Site 1260 (94.56 ± 0.25 Du Vivier et al., 2014) . For the GVS the first unradiogenic Os i in the pre-OAE 2 interval coincides with the timing established from YG, WIS, and Site 1260, at 94.75 ± 0.25 Ma. As for all OAE 2 sites, the GVS Os i values remain unradiogenic up to datum level 'B' when at ∼240 kyr after the OAE 2 onset the Os i values become more radiogenic (Fig. 6) as the influence of volcanically derived Os decreased. The combined Os i data from four OAE 2 locations (YG, WIS, Site 1260 and GVS) suggests a revision to the duration of focused LIP activity during the CTBI from ∼450 kyr (Du Vivier et al., 2014) to 600 ± 0.15 kyr, with the LIP activity beginning at ∼350 kyr prior to the OAE 2 onset, and ceases at ∼240 kyr after the onset coincident with datum level B of the δ 13 C profile (Fig. 6) .
Summary
The high-resolution Os i profiles for two proto-Pacific sections demonstrate the changes in global ocean chemistry across the OAE 2. The Os i stratigraphy augments the traditional method of correlation and integration of stratigraphic successions using δ 13 C isotopes. In addition, we use the 206 Pb/ 238 U zircon ages to show the synchronous onset of OAE 2 and assess the duration of LIP activity. The use of U-Pb zircon dates (Fig. 3) has permitted the integration of Os i profiles from WIS and Pacific basins through the application of age-depth models (Fig. 4) . We have revised the onset of OAE 2, the position of the CTB in the YG section, and confirmed the onset of OAE 2 in the GVS; all previously interpreted from δ 13 C wood record. Moreover, the application of a chronostratigraphic framework to both Pacific sections (Fig. 6 ) temporally supports the interpretations based on geochronology, and quantitatively constrain the duration of LIP activity (∼ 0.6 ± 0.15 Myr).
The improved integration of the proto-Pacific with the WIS across the CTB has created a nominal correlation to the GSSP in the WIS. The YG and GVS sections are at the western and eastern periphery of the proto-Pacific ocean, respectively. The discrepancy between the Os i profiles further illustrates the extent of regional variability of inputs to basinal environments (Paquay and Ravizza, 2012) . Overall the variability of the Os isotope composition throughout the CTBI is indicative of a dynamic palaeocirculation and fluctuating sea level, and highlights the sensitivity of the seawater chemistry in the GVS to regional basin inputs. Therefore circulation was not stagnant and was sufficient to re-equilibrate seawater chemistry of palaeobasins and peripheral margins of the oceans worldwide within the residence time of Os (TrabuchoAlexandre et al., 2010; Du Vivier et al., 2014) .
Concatenating environmental conditions ultimately primed the ocean system for the development of anoxia. Despite the variability of the Os i values the overall trend of the Os i profiles: radiogenic -unradiogenic -return to radiogenic Os i , are characteristic of the OAE 2 with respect to Os isotope stratigraphy throughout the proto-Atlantic, European pelagic shelf and WIS (Du Vivier et al., 2014) . Therefore, with the addition of the high-resolution Os isotope stratigraphy from both proto-Pacific sections and new 206 Pb/ 238 U geochronology from the YG section, we conclude that the global Os isotope composition during OAE 2 was isochronous, reflecting global processes, but was overprinted in some locations by basin-scale processes.
